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INTRODUCTION 

Alterations  in  the  Rb  and  p53  tumor  suppressor  pathways  are  eommonly  observed  in  human  cancers 
including  breast  cancer.  Our  lab  has  previously  reported  that  targeted  deletion  of  Rb  in  mouse  mammary 
progenitors  leads  to  heterogeneous  tumors  including  luminal-B  and  basal-like/EMT  (epithelial-to-mesenchymal 
transition)  subtype  tumors  (1).  Interestingly,  the  basal-like/EMT  but  not  luminal-B  subtype  tumors  often 
contained  p53  mutations.  Accordingly,  targeted  deletion  of  Rb  and  p53  in  the  mammary  epithelium  led  to  the 
development  of  EMT-type  tumors  which  expressed  high  levels  of  the  mesenchymal  marker  N-cadherin  and  low 
levels  of  the  epithelial  marker  cytokeratin  8.  The  experiments  in  this  proposal  seek  to  further  characterize 
mammary  tumors  induced  following  combined  loss  of  Rb  and  p53.  Specifically,  we  will  use  gene  expression 
profiling  to  identify  the  molecular  subtype  of  Rb/p53  deficient  mammary  tumors  and  use  EACS  sorted  cells 
transplanted  at  limiting  dilutions  to  investigate  whether  these  tumors  contain  a  tumor-initiating  cell  (TIC) 
population.  In  addition,  we  will  develop  a  strategy  to  delete  Rb  and  p53  in  specific  cell  populations  within  the 
mammary  gland  to  determine  whether  the  cellular  origin  of  the  disease  impacts  the  tumor  phenotype.  Einally, 
we  will  employ  a  powerful  shRNA  screening  technology  to  identify  new  therapeutic  targets  for  breast  cancer. 

BODY 

Task  1.  Characterize  mammary  tumors  in  Rb/p53  conditional  knockout  mice  and  identify  tumor-initiating  cells 
(TICs) 

a)  Generate  additional  MMTV-Cre:Rb^^®:p53^^®  and  MMTV-Cre:p53®^^  conditional  knockout  mice  and  monitor 
for  tumor  development.  In  progress 

Previous  Results:  Mice  lacking  both  Rb  and  p53  in  the  mammary  gland  were  viable  and  fertile;  however  the 
majority  of  animals  developed  lethal  lymphomas  or  died  of  unknown  causes  (possibly  other  hematological 
disease)  by  2-6  months  of  age.  This  is  due  to  expression  of  MMTV-Cre  in  cellular  compartments  other  than  the 
mammary  epithelium.  To  circumvent  this,  1x10-1x10^  primary  mammary  epithelial  cells  (MECs)  isolated  from 
MMTV-Cre:Rb^^®:p53^^^  mice  were  transplanted  into  the  mammary  fat  pads  of  NOD/SCID  or  RAGl-/-  mice 
and  monitored  for  tumor  development.  A  total  of  5  independent  tumors  (ie.  5  tumors  originating  from  5  separate 
donors)  have  been  collected  and  we  are  monitorirm  additional  animals  for  tumor  development.  In  addition,  I  am 
monitoring  a  cohort  of  MMTV-Cre:Rb®^®:p53^^  animals  (both  virgin  and  multiparous)  that  have  not  yet 
developed  lymphomas  or  other  malignancies.  This  will  provide  us  with  a  large  number  of  independent  tumor 
samples  for  future  microarray  and  aCGH  analysis. 

All  of  the  tumors  collected  to  date  are  comprised  primarily  of  elongated  spindle-shaped  cells  with  some 
tumors  also  containing  small  clusters  of  epithelial  cells.  These  histological  findings  are  suggestive  of  an 
epithelial-to-mesenchymal  transition  (EMT).  Indeed,  the  first  two  tumors  collected  and  analyzed  by 
immunohistochemistry  expressed  high  levels  of  the  mesenchymal  markers  N-cadherin  and  desmin  while 
expressing  low  levels  of  the  epithelial  marker  cytokeratin  8.  This  initial  analysis  of  Rb/p53  deficient  mammary 
tumors  (also  termed  ARb/p53)  was  published  in  the  Journal  of  Clinical  Investigation  (1).  The  cohorts  of  mice 
still  being  monitored  for  tumor  development  as  described  above  will  provide  a  more  complete  picture  of  tumor 
onset  and  pathology  of  Rb/p53  deficient  tumors. 

New  Results:  As  described  above,  we  found  that  transplantation  of  primary  MECs  isolated  from  MMTV- 

fl/fl  fl/fl  ^  i-  ^ 

Cre:Rb  :p53  into  the  cleared  fat  pads  of  immunodeficient  mice  led  to  the  development  of  mammary  tumors 
with  characteristics  of  EMT.  In  an  attempt  to  generate  additional  Rb/p53  deficient  mammary  tumors,  I  also 

fl/fl  fl/fl  1  ^ 

transplanted  Rb  ;p53  cells  that  had  been  infected  with  a  Cre  expressing  Adenovirus  (Ad-Cre).  This 
experiment  also  resulted  in  the  development  of  EMT-type  tumors.  Einally,  I  also  collected  mammary  tumors 
from  8  MMTV-Cre:Rb®^®:p53®^^mice  (7  virgin,  1  multiparous)  without  the  use  of  transplantation.  Similar  to  the 
tumors  obtained  from  transplantation  experiments  the  majority  (7/8)  of  these  lesions  can  be  categorized  as 
EMT-type  tumors.  This  data  is  illustrated  in  Eig.  1.  Importantly,  the  formation  of  tumors  with  an  EMT 
phenotype  in  the  absence  of  transplantation  provides  evidence  that  the  transplantation  procedure  itself 
(enzymatic  digestion  of  mammary  tissue  to  single  cells)  does  not  promote  the  formation  of  EMT-type  tumors. 
However,  the  median  latency  of  tumor  development  was  slightly  longer  in  the  absence  of  transplantation 
(median  time  to  tumor  development  of  282  days  compared  to  245  and  231  days). 

b)  Verify  deletion  of  Rb  and  p53  in  mammary  tumors.  In  progress 


Previous  and  New  Results:  Now  that  we  have  aeeumulated  a  significant  number  of  tumors,  PCR  analysis  of 
each  sample  will  be  carried  out  in  the  final  year. 


c)  Determine  molecular  subtype(s)  of  Rb/p53  and  p53  deficient  mammary  tumors  by 
histological/immunohistological  staining,  RNA  expression  microarray,  DNA  CGH  analysis.  In  progress 

Results:  During  this  year  past  year  of  the  project  we  collected  a  sufficient  number  of  tumors  to  be  analyzed  at 
the  molecular  and  genetic  level.  For  microarray  analysis,  the  samples  included  10  ARb/p53  mammary  tumors,  3 
cell  lines  derived  from  ARb/p53  tumors  and  5  age-matched  mammary  glands  isolated  from  Rb^'^^;p53“®mice.  In 
addition,  1  EMT-type  p53  deficient  tumor  was  included  for  analysis  (Dr.  Jeff  Liu,  a  postdoctoral  fellow  in  the 
lab,  has  collected  additional  MMTV:p53^®  tumors),  as  well  as  1  MMTV-Neu  tumor  (a  luminal-type  tumor)  as  a 
control.  The  samples  were  processed  using  the  Affymetrix  platform  (Mouse  Gene  1.0  ST  Chip)  with  analysis 
performed  in  collaboration  with  Dr.  Liu  using  Partek  Genomics  Suite. 

As  expected,  cluster  analysis  of  the  samples  revealed  that  each  tissue/tumor  type  clustered  into  discreet 
groups  (Pig.  2A).  To  investigate  gene  expression  changes  associated  with  tumorigenesis,  we  compared  the 
expression  profiles  of  ARb/p53  tumors,  ARb/p53  cell  lines  and  WT  mammary  glands  (Pig.  2B).  This  analysis 
revealed  that  4009  genes  were  significantly  altered  at  least  2-fold  between  ARb/p53  tumors  and  normal 
mammary  tissue  at  least  2-fold  (2078  up-regulated,  1931  down-regulated).  Additionally,  we  also  identified 
7009  genes  whose  expression  was  altered  between  ARb/p53  cell  lines  and  WT  mammary  glands  (2078  up- 
regulated  and  36871  down-regulated).  Due  to  the  ease  with  which  cell  lines  can  be  manipulated  in  vitro  to 
study  tumorigenesis  (compared  to  in  vivo  using  genetically  engineered  mouse  models),  we  also  generated  a  list 
of  differentially  expressed  genes  that  were  shared  by  both  ARb/p53  tumors  and  ARb/p53  cell  lines  in 
comparison  to  WT  mammary  glands.  A  total  of  2575  genes  were  found  to  be  differentially  expressed  (1175  up- 
regulated,  1400  down-regulated)  and  the  top  5  from  each  category  are  summarized  in  Pig.  2C.  In  the  future, 
selected  genes  can  be  manipulated  in  the  cell  lines  in  vitro  using  knockdown  (upregulated  genes)  or 
overexpressed  (downregulated  genes)  to  study  their  function  in  tumor  development  and  progression. 

Another  goal  of  this  objective  is  to  determine  the  molecular  subtype  of  Rb/p53  deficient  mammary 
tumors.  To  address  this,  we  carried  out  unsupervised  hierarchical  clustering  of  ARb/p53  tumors  with  the  panel 
of  mouse  mammary  tumor  samples  from  Herschkowitz  et  al.  (2007).  This  analysis  revealed  that  Rb/p53 
deficient  tumors  clustered  most  closely  with  a  subset  of  tumors  from  the  DMBA,  MMTV-Cre;Brcal“®;p53+/-, 
p53  null,  p53+/-,  and  Wap-Tag  models  (Pig.  3).  Similar  to  ARb/p53  tumors,  these  samples  were  categorized  as 
spindle  cell  tumors  based  on  histopathology  and  express  high  levels  of  EMT  associated  genes.  Given  that  EMT- 
type  tumors  in  mice  correspond  to  the  claudin-low  subtype  of  human  breast  cancer,  we  also  analyzed  ARb/p53 
tumors  using  the  Prat  et  al.  (2010)  claudin-low  predictor.  Indeed,  the  Rb/p53  deficient  tumors  were  found  to 
cluster  with  human  claudin-low  breast  cancers  (Pig.  4). 

To  complement  the  analysis  of  the  global  gene  expression  changes  within  Rb/p53  deficient  tumors,  we 
are  now  performing  Gene  Set  Enrichment  Analysis  (GSEA)  in  collaboration  with  Dr.  Veronique  Vousin  of  the 
Ontario  Institute  for  Cancer  Research).  GSEA  is  a  powerful  computation  method  used  to  identify  sets  of  genes 
(biological  pathways)  that  are  altered  between  two  sample  groups.  In  addition  to  comparing  primary  tumors  to 
normal  mammary  tissue,  we  will  also  compare  ARb/p53  tumors  to  Ap53  (single  knockout)  tumors.  While  loss 
of  p53  alone  leads  to  the  development  of  heterogeneous  tumors,  we  have  collected  a  number  of  Ap53  (single 
knockout)  classified  as  claudin-low.  Therefore,  this  comparison  will  determine  whether  claudin-low  tumors  can 
be  subdivided  into  additional  subgroups  depending  on  the  genetic  lesions  present  within  the  tumor. 

Pinally,  we  also  proposed  to  examine  the  genomic  changes  in  Rb/p53  deficient  tumors  using  high 
density  aCGH.  A  total  of  10  ARb/p53  tumors  have  been  processed  at  the  Toronto  Centre  for  Applied  Genomics 
(TCAG)  on  the  Agilent  platform  (IM  chip).  The  data  for  this  experiment  is  currently  being  analyzed  in 
collaboration  with  Dr.  Lakshmi  Muthuswamy  of  the  Ontario  Institute  for  Cancer  Research. 

d)  Isolate  and  characterize  tumor  initiating  cells  in  MMTV-Cre;Rb®^^:p53^^^mice  by  PACS 

analysis  and  limiting  dilution  transplantation  into  the  mammary  fat  pad  of  NOD/SCID  mice.  Completed 

Previous  Results:  There  is  growing  but  incomplete  evidence  that  human  cancers  may  be  organized  as  a 
hierarchy  in  which  only  a  subpopulation  of  cells  within  a  tumor  have  tumor-initiating  capabilities  (the  cancer 
stem  cell  hypothesis)  (4).  In  the  mouse,  mammary  gland  stem  cells  have  been  identified  using  PACS  sorted 
cells  in  combination  with  limiting  dilution  transplantation  assays.  These  cells  are  identified  as  CD49f^ CD24^  or 


CD29^CD24^  and  can  give  rise  to  a  eomplete  and  functional  mammary  gland  (5,  6).  Tumor-initiating  cells  have 
also  been  identified  using  a  variety  of  eell  surfaee  markers  in  mouse  models  of  breast  eaneer  ineluding  MMTV- 
Neu,  MMTV-Wnt  and  p53  null  tumors  (7,  8,  9). 

TIC  analysis  was  earried  out  on  freshly  isolated  eells  from  a  total  of  4  Rb/p53  defieient  mammary 
tumors.  The  majority  of  tumors  eontained  both  a  CD49^  single  positive  and  CD49'CD24'  double  negative 
population  while  the  remaining  tumor  displayed  a  predominant  CD49^CD24^  double  positive  population. 
Transplantation  of  FACS  sorted  cells  at  limiting  dilutions  into  the  mammary  fat  pads  of  NOD/SCID  miee 
revealed  that  Rb/p53  defieient  mammary  tumors  are  highly  enriehed  for  tumor-initiating  eapaeity.  This  is  in 
agreement  with  a  reeent  study  from  the  Rosen  lab  in  whieh  they  showed  p53  null  EMT-type  tumors  eontained  a 
greater  number  of  TICs  eompared  to  adenoearcinomas  from  the  same  model  (10).  However,  in  our  model  of 
EMT-type  tumors,  TICs  are  enriched  in  both  the  CD49^  single  positive  and  CD49'CD24'  double  negative 
population  while  TICs  in  the  p53  null  model  are  enriehed  in  the  CD29^  single  positive  and  CD29^CD24^  double 
positive  population.  Thus,  even  though  both  Rb/p53  and  p53  defieient  EMT-type  tumors  share  similar 
histological  characteristics  and  are  enriehed  for  TICs,  the  EACS  profiles  of  these  tumors  are  distinet  suggesting 
that  there  is  moleeular  heterogeneity  within  this  tumor  subtype. 

New  Results:  Over  the  past  year  I  earried  out  TIC  analysis  on  an  additional  Rb/p53  deficient  mammary 
tumor.  Similar  to  the  other  4  experiments,  this  tumor  showed  enriehment  for  TICs  in  the  CD49+  and  CD49- 
CD24-  populations.  A  table  summarizing  TIC  aetivity  in  ARb/p53  tumors  is  shown  in  Eig.  5. 

e)  Generate  a  gene  expression  signature  of  tumor-  initiating  cells  and  determine  prognostic  significance. 

Results:  As  per  the  Statement  of  Work,  these  experiments  will  be  earried  out  in  the  3"^‘*  year  of  funding. 

Task  2.  Characterize  mammary  tumor  development  following  Rb/p53  deletion  in  different  mammary  cell 
populations 

f/f  f/T 

a)  Generate  Rb  :p53  eonditional  knoekout  miee  laeking  the  MMTV-Cre  transgene.  Completed 

^  fl/fl  fl/fl  ^  ^ 

Results:  A  eohort  of  mice  eontaining  the  Rb  :p53  alleles  {without  MMTV-Cre)  have  been  generated.  In 
addition,  some  of  these  miee  have  been  erossed  with  the  Rosa-26  reporter  strain  to  permanently  mark 
reeombined  eells  in  vitro  and  in  vivo. 

b)  Isolate  stem,  luminal  and  myoepithelial  cells/progenitors  by  EACS  from  Rb^^®;p53^^®  miee,  infeet  with 
Eenti-Cre-EGEP  and  transplant  into  the  mammary  fat  pad  of  NOD/SCID  miee.  In  progress 

Previous  Results:  The  goal  of  this  objeetive  is  to  investigate  whether  Rb/p53  defieient  mammary  tumors 
develop  from  a  particular  cell  population  within  the  mammary  gland  (stem,  luminal  or  myoepithelial  eell) 
and/or  whether  the  eell  of  origin  infiuenees  the  phenotype  of  the  tumor.  I  initially  proposed  to  use  a  Eenti-Cre- 
EGEP  veetor  to  delete  the  Rb^'^^and  p5 3 alleles  in  vitro.  However,  due  to  the  expertise  and  time  required  to 
generate  high  titer  lentivirus,  espeeially  with  larger  eonstructs  sueh  as  Eenti-Cre-EGEP,  I  have  opted  to  use  a 
eommercially  available  Adenovirus  for  these  experiments  (Ad-Cre-IRES-GEP  or  Ad-Cre,  Veetor  BioEabs). 
Also,  given  that  eonstitutive  Cre  expression  has  been  shown  to  be  toxie  in  some  eell  types,  the  use  of  an 
adenovirus  may  be  more  advantageous  than  a  lentivirus  based  system  sinee  adenoviruses  do  not  integrate  into 
the  host  genome  and  the  Cre  transgene  will  only  be  expressed  transiently. 

To  determine  the  pereentage  of  primary  MECs  that  ean  be  infeeted  with  Ad-Cre,  eells  were  ineubated 
with  virus  under  low  attachment  eonditions  at  a  range  of  MOIs  and  analyzed  for  GEP  expression  by  EACS  after 
48  hrs.  In  the  initial  experiment,  approximately  30-40%  of  MECs  expressed  GEP  and  reeombination  of  the 
eonditional  alleles  was  readily  deteetable  by  PCR.  More  reeently,  I  have  further  optimized  the  protoeol  to 
routinely  aehieve  between  60%  and  80%  infection  of  primary  MECs. 

Initially,  I  intended  to  use  EACS  to  separate  the  3  eell  populations  that  ean  be  delineated  in  the 
mammary  gland  using  CD49  and  CD24  eell  surfaee  markers  (luminal,  stem  and  myoepithelial).  However,  due 
to  the  small  number  of  eells  loeated  within  the  stem  eell  fraetion  (loeated  at  the  tip  of  the  basal  eell  population) 
and  the  laek  of  purity  of  the  this  population  (eontamination  with  myoepithelial  eells,  5,  6),  I  have  decided  to  sort 
and  infeet  the  two  major  populations  (CD24^  luminal  and  CD49^CD24^basal  eells).  In  a  preliminary 
experiment  earried  out  to  optimize  the  number  of  mammary  glands  required  to  obtain  a  suffieient  number  of 
cells,  as  well  as  test  the  sorting  and  eulture  eonditions,  I  was  able  to  observe  elear  differences  between  the 
luminal  and  basal  fraetions  when  eultured  under  low  attachment  eonditions.  The  luminal  population  tends  to 
aggregate  together  but  remain  as  single  eells  while  the  basal  population  tends  to  form  tight  spheres  that  have  a 


‘glassy’  appearance.  As  the  conditions  are  now  optimized,  these  experiments  will  be  carried  out  during  the  2^^ 
year  of  funding. 

New  Results:  As  described  above,  in  preliminary  experiments,  basal  and  luminal  cells  were  isolated  by 
FACS  and  cultured  under  low  attachment  conditions.  This  culture  method  was  chosen  due  to  the  ease  with 
which  to  recover  the  cells  after  overnight  infection  with  Ad-Cre  (compared  with  unknown  effects  of  monolayer 
culture  on  differentiation  status  and  use  of  trypsin  to  isolated  single  cells).  However,  while  a  large  fraction  of 
basal  cells  remained  viable  the  next  day,  trypan  blue  staining  of  the  luminal  fraction  indicated  that  most  of  these 
cells  had  died.  Therefore,  to  enhance  cell  viability,  I  have  begun  culturing  the  sorted  cells  under  3D  conditions. 
It  has  been  shown  previously  that  FACS  sorted  mammary  basal  cells  form  solid  organoids  while  luminal  cells 
form  hollow  acinar  structures  when  cultured  in  Matrigel.  Traditional  3D  culture  methods  involve  culturing  the 
cells  either  on  a  thin  layer  of  Matrigel  (‘on-top’  assay)  or  between  two  layers  of  Matrigel  (‘embedded’  assay). 
However,  one  of  the  major  limitations  of  these  methods  is  the  difficulty  with  which  to  retrieve  the  cells  for 
further  experimental  manipulation.  Therefore,  I  have  utilized  a  modified  Matrigel  culture  method  that  was 
recently  reported  by  the  Weinberg  lab  (11).  This  modified  assay  uses  a  reduced  Matrigel  concentration  of  5% 
(versus  100%)  to  facilitate  recovery  of  the  cells  while  still  enabling  the  basal  and  luminal  cell  populations  to 
form  distinct  organoids.  In  agreement  with  Guo  et  al.  (2012),  I  have  found  that  sorted  luminal  and  basal  cells 
form  acinar  and  solid  organoids  respectively  under  these  culture  conditions  and  are  capable  of  being  infected 
with  Ad-Cre-IRES-GFP  (Fig.  6B).  Therefore,  to  investigate  the  cellular  origin  of  Rb/p53  deficient  tumors  I 
have  developed  the  following  protocol  illustrated  in  Fig.  6A.  Briefly,  primary  MFCs  were  isolated  from 
Rb^'^^:p53^'^^  mice  and  sorted  by  FACS  into  luminal  and  basal  populations.  The  cells  are  then  cultured  in  the 
modified  Matrigel  assay  for  5-8  days  to  allow  for  organoid  formation.  The  organoids  are  then  collected  and 
dissociated  into  single  cells  by  trypsinization,  counted  and  infected  with  Ad-Cre-IRES-GFP  at  an  MOI  of  50  for 
I-2hrs  in  suspension.  The  cells  are  then  washed,  counted,  resuspended  in  a  1:1  ratio  of  HBSS  and  Matrigel  and 
injected  into  the  cleared  fat  pads  of  3  week  old  immunodeficient  mice.  Previous  reports  have  demonstrated  that 
transplantation  of  luminal  cells  in  the  absence  of  supporting  basal  cells  rarely  leads  to  ductal  outgrowths  (due  to 
a  lack  of  stem  cell  activity)  (5,6  12).  Thus,  the  infected  cells  are  also  mixed  with  an  equal  number  of  wild  type 
MECs  (without  floxed  alleles  and  isolated  from  EvB  or  C57/B16  mice)  containing  both  luminal  and  basal  cells 
to  promote  engraftment  of  the  luminal  population. 

c)  Characterize  mammary  tumors  by  H&E,  immunohistochemistry  and  microarray  analysis.  In  Progress 

Results:  Despite  the  challenging  nature  of  this  experiment  I  have  already  obtained  some  interesting  results.  One 
of  the  hypotheses  regarding  the  cellular  origin  of  breast  cancer  suggests  that  while  luminal  and  basal-like 
tumors  originate  from  luminal  progenitor  cells,  claudin-low  tumors,  which  express  stem  cell  associated  genes, 
may  arise  from  a  basal/stem  cell.  Therefore,  it  is  interesting  that  I  have  observed  tumors  from  both  Rb/p53 
deficient  luminal  and  basal  cells  and  these  tumors  have  an  identical  EMT  histology  (Eig.6B).  Control 
experiments  utilizing  wild  type  cells  are  in  progress  to  ensure  Ad-Cre  infection  itself  does  not  promote 
tumorigenesis.  Nevertheless,  this  data  suggests  that  at  least  in  the  context  of  combined  Rb/p53  deficiency,  the 
genetic  the  cell  of  origin  does  not  dictate  tumor  phenotype. 

Given  this  exciting  and  somewhat  surprising  result,  I  am  planning  on  conducting  some  additional 
experiments  to  investigate  the  origin  of  Rb/p53  deficient  tumors.  Eor  instance,  although  these  results  suggest 
that  both  luminal  and  basal  cells  can  give  rise  to  claudin-low  tumors  in  the  context  of  Rb/p53  deficiency,  it  is 
unclear  whether  both  cell  types  have  a  similar  potential  for  transformation.  To  address  this  I  will  transplant 
limiting  dilutions  of  each  Rb/p53  deficient  cell  type  and  quantify  the  number  of  tumors  that  arise.  In  addition, 
we  and  others  have  previously  reported  that  loss  of  Rb  or  p53  alone  leads  to  the  development  of  heterogeneous 
mammary  tumors.  Thus,  it  would  be  interesting  to  investigate  whether  the  heterogeneous  nature  of  these  tumors 
(as  opposed  to  homogenous  claudin-low  tumors  associated  with  combined  RB/p53  loss)  is 
dependent/independent  of  the  cell  of  origin. 

Task  3.  Identify  therapeutic  targets  in  Rb/p53  deficient  mammary  tumor  cells 

a)  Isolate  at  least  2  additional  primary  Rb/p53  deficient  mammary  tumor  cell  lines  Completed 

Previous  Results:  The  cell  lines  isolated  from  Rb/p53  deficient  primary  tumors  are  termed  TMCRP3,  TMCRP 

1,  TMCRP  13  and  RB544.  All  of  these  lines  display  a  spindle  cell  morphology  similar  to  the  primary  tumors 

from  which  they  were  derive.  Both  TMCRP  1  and  TMCRP  13  lines  carry  the  recombined  Rb  and  p53  alleles  and 


lack  Rb  and  p53  protein  expression  while  TMCRP3  and  RB544  eells  were  derived  from  a  tumor  whieh  laeked 
Rb  but  eontained  a  p53  mutation. 


b)  Perform  lentiviral  shRNA  in  vitro  whole  genome  sereens  on  3  independent  tumor  eell  lines  using  HCll 
normal  mouse  mammary  epithelial  eell  line  as  a  eontrol.  In  progress 

Results:  Genome  wide  shRNA  sereens  on  2  of  the  3  Rb/p53  defieient  tumor  eell  lines  and  optimized  the 
eonditions  for  the  other  tumor  line  as  well  as  HCll  eells.  The  optimization  proeedure  eonsisted  of  ealeulating 
eell  line  doubling  time,  seeding  density,  polybrene  (used  to  enhanee  viral  transduetion)  and  puromyein  (used  to 
seleet  transdueed  cells)  sensitivity  and  MOI  ealeulation.  To  ealeulate  MOI,  eells  were  mixed  with  a  dilution 
series  of  pooled  virus  (1.0ml,  0.75ml,  0.5ml,  0.25  ml)  and  seeded  in  duplieate  15em  plates.  The  following  day, 
eulture  media  of  one  dilution  series  replaeed  with  puromyein  eontaining  medium  while  the  other  dilution  series 
was  given  fresh  media  without  puromyein.  After  48hrs,  eells  were  eolleeted  and  the  MOI  (+/-  puromyein).  An 
MOI  of  0. 3-0.4  was  used  to  ensure  only  1  shRNA  is  expressed  per  eell.  For  the  aetual  sereen,  a  total  of  at  least 
53x10^  eells  were  infeeted  with  the  pooled  virus  to  give  a  representation  of  -'200  eells/shRNA.  The  eells  were 
split  into  3  replieates  of  -20x10^  eells  following  the  first  passage  and  eaeh  eell  line  was  passaged  out  for 
approximately  3  weeks.  At  eaeh  passage,  -'30x10®  eells  were  frozen  down  for  DNA  extraetion  and  subsequent 
mieroarray  hybridization. 

New  Results:  For  teehnieal  reasons,  no  major  progress  has  been  made  on  this  objeetive  during  the  past  year. 
First,  although  eonditions  for  the  3’^‘^  tumor  eell  line  and  HCl  1  eontrol  eell  line  appeared  to  be  optimized,  I  had 
diffieulties  obtaining  the  eorreet  MOI  during  the  aetual  sereening  proeedure.  Speeifieally,  I  have  not  been  able 
to  aehieve  the  appropriate  MOI  after  puromyein  seleetion.  After  diseussing  the  results  with  members  of  the 
COLT  (CCBR-OICR  Lentiviral  Teehnology)  faeility,  it  was  determined  that  the  titer  of  the  pooled  virus  was 
signifieantly  redueed  even  after  a  single  freeze-thaw.  Sinee  I  had  also  used  freeze-thawed  virus  for  the  other  2 
eell  lines  it  was  determined  that  the  sereens  should  be  repeated  with  fresh  virus.  I  reeently  obtained  new  aliquots 
of  pooled  virus  and  will  earry  out  the  sereens  during  the  3"^^^  year. 

Due  to  the  teehnieal  issues  assoeiated  with  the  pooled  shRNA  sereen,  we  deeided  to  earry  out  2  high- 
throughput  ehemieal  sereens  as  an  alternative  strategy  to  identify  potential  therapeutie  targets  for  Rb/p53 
defieient  breast  eaneer.  The  first  sereen  involved  a  library  (obtained  from  Ontario  Institute  for  Caneer  Researeh) 
of  264  small  moleeule  kinase  inhibitors.  Two  Rb/p53  defieient  tumor  eell  lines  and  the  normal  mammary 
epithelial  eell  line,  HCl  1,  were  sereened  at  a  final  inhibitor  eoneentration  of  3uM.  The  data  for  the  2  tumor  eell 
lines  is  shown  in  Figure  7.  The  results  of  this  sereen  revealed  a  number  of  interesting  ‘hits’  that  were  eommon 
to  both  tumor  eell  lines  ineluding  SYK  kinase.  Validation  of  ‘hits’  from  the  sereen  is  eurrently  underway. 

The  seeond  ehemieal  sereen  was  earned  out  in  eollaboration  with  Dr.  Aaron  Sehimmer  (Ontario  Caneer 
Institute)  who  provided  us  with  a  library  of  312  FDA-approved  drugs.  This  library,  also  ealled  a  repurposing 
library,  eontains  a  number  of  off-patent  drugs  ineluding  ehemotherapeuties,  anti-fungals  and  anti-mierobials. 
Sinee  these  ‘old  drugs’  are  already  approved  for  use  in  various  diseases,  they  ean  be  rapidly  moved  into  elinioal 
trials.  The  sereen  was  performed  at  a  high  (lOuM)  and  low  (luM)  eoneentration  on  3  Rb/p53  defieient 
mammary  tumor  eell  lines  and  the  data  is  summarized  in  Figure  8.  Some  of  the  ‘hits’  ineluded 
ehemotherapeutie  agents  (eg.  Fludarabine)  that  are  eurrently  used  for  the  treatment  of  other  eaneer  types  sueh  as 
leukemia.  In  addition,  a  number  of  anti-mierobials  (eg.  Salinomyein)  were  found  to  have  anti-eaneer  aetivity. 
Validation  of  this  sereen  is  also  eurrently  in  progress. 

e)  Perform  lentiviral  shRNA  in  vivo  kinase  sereen  using  3  independent  tumor  eell  lines 

Previous  Results:  As  deseribed  above,  the  eonditions  to  earry  out  large  seale  negative  seleetion  sereens  have 
been  optimized.  Onee  the  in  vitro  sereen  is  eompleted,  the  in  vivo  sereen  will  be  earned  out. 

New  Results:  No  new  progress  has  been  made  on  this  part  of  the  objeetive  as  a  result  of  the  teehnieal  issues 
assoeiated  with  the  in  vitro  sereen. 

d)  Validate  at  least  10  ‘hits’  from  in  vitro  sereen  by  MTT  survival  assay  and  in  vivo  sereen  by 
transplantation,  validate  shRNA  knoekdown  by  Western  blotting 

Results:  No  progress  has  been  made  towards  this  part  of  the  objeetive  due  to  the  teehnieal  hurdles 
eneountered  with  the  primary  shRNA  sereen.  However,  as  deseribed  above,  we  have  earned  out  2  high- 
throughput  ehemieal  sereens.  Unlike  the  off-patent  sereen  in  whieh  the  target  of  the  drug  is  not  always  known, 
the  small  moleeule  sereen  eonsisted  of  known  targets  (kinases).  Thus,  while  the  shRNA  sereens  are  being 


repeated  I  can  validate  targets  identified  in  the  kinase  screen  as  proposed  (MTT  assay,  western  blotting  etc.) 
using  a  combination  of  small  molecules  and  shRNAs. 


e)  Validate  at  least  5  ‘hits’from  in  vitro  screen  in  vivo  by  transplanting  lenti-shRNA  infected 
Rb/p53  deficient  tumor  cells  as  well  as  tet-inducible  shRNA  into  the  mammary  fat  pad  of 
NOD/SCID  mice  and  monitor  tumor  kinetics 

N/A  during  this  year  of  funding 


TRAINING 

During  the  past  year  I  attended  the  Second  Annual  Rb  Meeting  in  Toronto  and  the  New  Genomic  Approaches 
for  Gene  Discovery  and  Personal  Treatment  in  Cancer  Workshop  at  the  University  of  Toronto.  I  have  also 
participated  in  weekly  laboratory  meetings  (joint  meetings  with  the  laboratory  of  Dr.  Sean  Egan,  Hospital  for 
Sick  Children),  local  seminars  (held  weekly  at  Princess  Margaret  Hospital  focused  on  breast  cancer  research) 
and  trained  and  supervised  an  undergraduate  project  student  and  a  volunteer  who  went  on  to  obtain  employment 
as  a  laboratory  technician  at  UHN. 

KEY  RESEARCH  ACCOMPLISHMENTS 

T/f*  fVE 

•  Found  that  MMTV:Cre:Rb  ;p53  mice  develop  EMT-type  tumors  even  in  the  absence  of 

transplantation 

•  Carried  out  microarray  analysis  on  Rb/p53  deficient  mammary  tumors  and  found  that 
MMTV:Cre:Rb^'^^;p53^'^^mice  model  the  claudin-low  subtype  of  human  breast  cancer 

•  Optimized  conditions  for  the  growth  of  FACS  sorted  luminal  and  basal  cells  as  organoids  using  3D 
culture  conditions 

•  Discovered  that  deletion  of  Rb/p53  in  luminal  or  basal  cells  leads  to  the  development  of  EMT-type 
tumors 

•  Carried  out  2  high-throughput  chemical  screens  on  Rb/p53  deficient  mammary  tumor  cell  lines  (kinase 
screen  and  off-patent  drug  screen) 


REPORTABLE  OUTCOMES 

Jones,  Robert.,  Jiang,  Zhe.,  Deng,  Tao.,  Schimmer,  AD.,  Moffat,  J  and  Zacksenhaus,  E.  Role  of  the  RB  and 
p53  tumor  suppressor  pathways  in  mammary  tumorigenesis.  2011  Second  Internatinal  Rb  Meeting,  Toronto, 
Canada 

Jones,  Robert.,  Jiang,  Zhe.,  Deng,  Tao.,  Schimmer,  AD.,  Moffat,  J  and  Zacksenhaus,  E.  Role  of  the  RB  and 
p53  tumor  suppressor  pathways  in  mammary  tumorigenesis.  CDMRP  2011  Era  of  Hope  Conference 

Jiang  Z,  Jones  R,  Eiu  JC,  Deng  T,  Robinson  T,  Chung  PE,  Wang  S,  Herschkowitz  Jl,  Egan  SE,  Perou  CM, 
Zacksenhaus  E.  RBI  and  p53  at  the  crossroads  of  EMT  and  triple-negative  breast  cancer.  Cell  Cycle  2011  May 
15;  10(10):  1563-1570. 

Jiang  Z,  Deng  T,  Jones  R,  Ei  H,  Herschkowitz  JI,  Eiu  JC,  Weigman  VJ,  Tsao  MS,  Fane  TF,  Perou  CM, 
Zacksenhaus  E.  Rb  deletion  in  mammary  progenitors  induces  luminal -B  or  basal-like/EMT  tumor  subtypes 
depending  on  p53  status.  J  Clin  Invest  2010  Sept  l;120(9):3296-3309. 

CONCULSIONS 

We  have  found  that  targeted  deletion  of  two  major  tumor  suppressor  pathways  in  the  mammary  gland,  Rb  and 
p53,  leads  to  the  formation  of  tumors  with  features  of  EMT  (epithelial  to  mesenchymal  transition).  Microarray 
analysis  revealed  these  tumors  are  similar  to  EMT-type  tumors  found  in  other  mouse  models  of  breast  cancer 
and  cluster  closely  with  the  Claudin-Eow  subtype  of  human  breast  cancer.  Claudin-low  tumors  are  a  subtype  of 


‘triple-negative  tumors’  whieh  have  been  shown  to  be  enriehed  for  stem  eell-like  properties.  Indeed,  we  found 
that  Rb/p53  defieient  mammary  tumors  are  enriehed  for  tumor-initiating  eapaeity  eompared  to  other  mouse 
models  of  breast  eaneer.  Thus,  our  mouse  model  of  Rb/p53  defieient  breast  eaneer  will  be  an  invaluable  tool  to 
identify  and  test  therapies  targeting  tumor-initiating  eells  and  claudin-low  tumors. 

We  have  also  begun  to  examine  the  eell  of  origin  of  Rb/p53  mammary  tumors.  Experimental  eonditions 
have  been  optimized  that  allow  us  to  delete  eonditional  alleles  within  the  different  subpopulations  of  epithelial 
eells  that  make  up  the  mammary  gland  (luminal  and  stem/basal).  Our  preliminary  results  of  this  novel 
experiment  suggest  that  at  least  in  the  eontext  of  Rb/p53  loss,  the  genetie  lesion  and  not  the  eellular  origin  of 
transformation  dietate  tumor  phenotype.  Further  experiments  will  allow  us  to  determine  whether  one  eell 
population  is  more  suseeptible  to  transformation  and  whether  other  types  of  mammary  tumors  are  dependent 
upon  the  genetic  lesion,  cell  of  origin  or  a  combination  of  both  factors. 

Finally,  we  have  recently  completed  2  high-throughput  chemical  screens  on  primary  cell  lines  isolated 
from  Rb/p53  deficient  mammary  tumors  and  are  continuing  to  carry  out  genome-wide  shRNA  negative 
selection  screens.  The  data  generated  from  these  screens  will  lead  to  the  identification  of  novel  therapeutic 
targets  for  the  treatment  of  breast  cancer. 
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Figure  1.  MMTV-CreiRb^'^f'pSS^'^f'  double  mutant  mice  develop  spindle  cell/EMT-type  tumors 
similar  to  Rag1-/-  mice  transplanted  with  MMTV-Cre:Rbf'^f':p53''^' cells  .  (A)  Kaplan-Meier 
tumor-free  survival  curve  of  Rag1-/-  animals  transplanted  with  MMTV-Cre:Rb^'^^':p53*''^f  cells 
(black),  Rag1-/-  mice  transplanted  with  Ad-Cre  infected  Rbf'^'':p53^'^^  cells  (orange)  and 
MMTV-Cre:Rb^'^f':p53f'^f' (blue)  and  Rb''^f':p53''^'' (red)  compound  mutant  mice.  (B-D)  Identical 
histology  of  mammary  tumors  that  developed  in  (B)  MMTV-Cre:Rb*''^*'':p53*''^*''  mice  or 
following  transplantation  of  (C)  MMTV-Cre:Rbf'^f':p53f'^f  cells  or  (D)  Ad-Cre  infected 
Rbf'^'':p53^'^^'  cells  into  Rag1-/-  recipients. 
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Figure  2  .  Microarray  analysis  of  ARb/p53  tumors.  (A)  Unsupervised  cluster 
analysis  of  normal  mammary  tissue  (n=5),  ARb/p53  tumors  (n=1 0),  Ap53 
tumor  (n=1),  cell  lines  derived  from  ARb/p53  tumors  (n=3)  and  an  MMTV-Neu 
tumor  (n=1).  (B)  Venn  diagram  illustrating  genes  that  are  shared  between 
primary  ARb/p53  tumors  and  ARb/p53  cell  lines  compared  to  WT  mammary 
glands.  (C)  Table  summarizing  the  top  5  upregulated  and  downregulated  genes 
shared  between  ARb/p53  tumors  and  ARb/p53  tumor  cell  lines  compared  to  WT 
mammary  tissue. 
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Figure  3.  Comparison  of  ARb/p53  tumors  with  mouse  models  of  breast  cancer. 
Tumors  induced  following  combined  loss  of  Rb  and  p53  cluster  with  other  mouse 
tumors  that  exhibit  features  of  epithelial-mesenchymal  transition  including  a 
subset  of  tumors  from  DMBA,  MMTV-BRCA1  ;p53-i-/-,  MMTV-lnt3,  p53-i-/-,  p53  null 
and  WAP-Tag  mice.  Expression  levels  are  color  coded  from  blue  (low  expression) 
to  magenta  (high  expression)  in  relation  to  the  row  Z  score  across  all  tumors. 
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Figure  4.  Comparison  of  ARb/p53  tumors  with  human  breast  cancer.  ARb/p53  tumors 
cluster  with  human  claudin-low  tumors  using  the  Claudin-Low  predictor  from  Prat  et  al. 
(2010).  Expression  levels  are  color  coded  from  blue  (low  expression)  to  magenta  (high 
expression)  in  relation  to  the  row  Z  score  across  all  tumors. 
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Figure  5.  Rb/p53  deficient  tumors  are  enriched  for  tumor  initiating  cells. 
Limiting  dilution  transplantation  analysis  of  Rb/p53  deficient  tumors 
illustrating  enrichment  of  tumor-initiating  activity  in  Lin-CD49  :CD24"  and 
Lin-CD49f+:CD24-  populations. 
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Figure  6.  (A)  Schematic  of  experimental  strategy  used  to  investigate  the  cellular  origin  of 
Rb/p53  deficient  tumors.  Primary  MECs  were  isolated  from  Rb^''^;p53^''^  mice  and  separated  into 
Luminal  and  Basal  subpopulations  by  FACS  using  CD49f  and  CD24  cell  surface  markers.  Cells 
were  cultured  in  matrigel  as  organoids  for  5-7  days,  dissociated  into  single  cells  and  then 
infected  with  Ad-Cre  for  Ihr.  Approximately  10,000  cells  from  each  subpopulation  were  then 
mixed  with  an  equal  number  of  Lin-  wild  type  MECs  (isolated  from  FvB  or  C57/B16  mice)  and 
injected  into  the  cleared  fat  pad  of  Rag-/-  mice  and  monitored  for  tumor  development.  (B) 
Bright  field  and  GFP  expression  of  luminal  and  basal  organoids  grown  from  FACS  sorted 
Rb^''^;p53^''^  primary  MECs  and  infected  with  Ad-Cre-GFP.  Transplantation  of  Ad-Cre-GFP 
infected  Luminal  or  Basal  cells  gave  rise  to  tumors  with  an  identical  mesenchymal  histology. 
(C)  Table  summarizing  tumor  incidence  . 
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Figure  7.  High-throughput  small  molecule  kinase  inhibitor  screen  on  Rb/p53  deficinet 
mouse  mammary  tumor  cells.  (A  and  B)  Example  of  scatter  plots  for  2  tumor  cell  lines 
screened  with  the  library.  (C)  Scatter  plot  of  the  combined  data  from  both  cell  lines  to 
identify  common  ‘hits’.. 
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Figure.  High-throughput  FDA-approved  pharmaceutical  screen  on  Rb/p53  deficinet 
mouse  mammary  tumor  cells  .  (A)  Example  of  a  rank-ordered  plot  and  (B)  scatter  plot 
of  the  Sequoia  library  of  312  FDA-approved  drugs  showing  their  effects  on  the 
TMCRP-1  cell  line.  (C)  Bar  graphs  illustrating  compounds  that  reduced  viability  by  at 
least  50%  in  at  least  2  of  3  Rb/53  deficient  mammary  tumor  cell  lines  treated  with  1  pM 
(Top)  and  1 0pM  (bottom)  of  the  library. 
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The  retinoblastoma  (Rb)  and  p53  tumor  suppressor  pathways  are  frequently  altered  in 
human  malignancies  including  breast  cancer.  We  have  recently  reported  that  combined 
somatic  loss  of  Rb  and  p53  in  the  mouse  mammary  epithelium  led  to  the  formation  of 
tumors  that  often  displayed  features  of  an  epithelial  to  mesenchymal  transition  (EMT) 
(Jiang  et  ah,  JCI  2010).  We  are  now  performing  microarray  and  array-CGH  analysis 
to  correlate  the  molecular  subtype  and  level  of  genomic  instability  with  other  mouse 
mammary  tumor  models  as  well  as  human  breast  cancers.  In  addition,  using  established 
cell  surface  markers  of  mouse  mammary  stem  cells  (CD49f  and  CD24)  followed  by 
limiting  dilution  transplantation  analysis  we  have  found  that  Rb/p53  deficient  EMT-type 
tumours  are  enriched  for  tumor-initiating  capacity.  To  investigate  the  cellular  origin  of 
Rb/p53  deficient  tumors,  the  Rb  and  p53  alleles  will  be  deleted  within  the  luminal, 
myoepithelial  and  stem/bipotent  progenitor  compartments  of  the  mammary  gland  using  a 
Cre-GEP  expressing  adenovirus  and  CD24-CD49f-based  EACS  analysis.  The  different 
cellular  fractions  will  then  be  transplanted  into  the  cleared  mammary  fat  pad  of  recipient 
mice  and  tumors  will  be  characterized  at  the  histological,  molecular  and  genetic  level. 
Einally,  we  are  using  primary  cell  lines  isolated  from  Rb/p53  deficient  mammary  tumors 
in  conjunction  with  high-throughput  chemical  and  genetic  screens  to  identify  new 
therapeutic  targets.  A  primary  screen  of  260  kinase  inhibitors  and  312  EDA-approved 
off-patent  drugs  and  a  genome  wide  negative  selection  (‘drop-ouf )  screen  is  currently  in 
progress.  Ultimately,  the  results  of  this  research  will  provide  important  insight  into  the 
biology  of  triple-negative  breast  cancer  and  will  lead  to  the  identification  of  novel 
therapeutic  targets  for  the  treatment  of  patients  living  with  this  disease. 


